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We study second harmonic generation (SHG) in an acentric Weyl semimetal, tungsten
ditelluride (WTe2), and estimate its second-order electric susceptibility, χ(2). WTe2 is a
layered material that has a natural cleavage plane perpendicular to the c-axis, but the crystal
symmetry prohibits SHG emission when light is normally incident on the natural planar
surface. Hence, we measure the SHG susceptibility in a laser scanning microscope, where
it is easier to measure the SHG from the striated edges of the crystal. We determine the
susceptibility from the variation of the SHG images with incident power, using a model that
accounts for both the statistics of the SHG detection process and the surface inhomogeneities
of the sample. A preliminary estimate shows that χ(2) in WTe2 is comparable to that of
GaAs, a well studied nonlinear crystal with large second-order susceptibility.
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In this work, we study second harmonic generation (SHG) in an acentric Weyl semimetal,
tungsten ditelluride (WTe2), to measure its second-order electric susceptibility. We were
motivated by recent developments in understanding the quantum mechanical description of
macroscopic electric polarization in covalent solids [1–3]. Surprisingly, the quantum theory
of electric polarization was only achieved about 30 years ago, and since then, its application
in various fields of condensed matter physics has been growing [4–7].
The standard classical model of polarization is the Lorentz model, which considers a
dielectric medium as a collection of dipole units, as illustrated in Fig. 1.1. This model defines
macroscopic polarization at a point as the dipole moment of the charge distribution inside
a unit cell that encloses the point. Although it provides a good approximate description
of polarization in systems such as dielectric gases and nonpolar liquids, we encounter a
fundamental conceptual problem when we apply it to periodic systems, such as crystalline
solids [8]. To see this, consider a periodic one-dimensional crystal with two different choices
of unit cells, as shown in Fig. 1.1. The choice of the cell in Fig. 1.1(a) results in a polarization
directed towards the right, while the Lorentz unit cell in Fig. 1.1(b) results in a polarization
directed towards the left. While it is possible to resolve this ambiguity in any finite sample
by defining the polarization in terms of the surface charge density, the local polarization
must be independent of the surface charge distribution in the thermodynamic limit [9].
This problem arises because knowledge of the electronic charge density in a bulk crystal
is not enough to determine its macroscopic polarization. The key aspect of the modern
theory of polarization is to consider the macroscopic polarization of a periodic system in
terms of its wavefunction instead of its charge density. When one attempts to define electric
polarization in terms of the probabilistic distribution of electronic charge density, the phase
property of the electronic wavefunction is lost. It is now understood that polarization can





Figure 1.1: The Lorentz model of electric polarization in a periodic crystal with two different
choices of unit cell. In panel (a), the polarization of the unit cell is toward the left and the choice of
unit cell in panel (b) results in a polarization that is oriented toward the right.






〈un(k)| i∇k |un(k)〉 d3k, (1.1)
where |un(k)〉 represents the wavefunction with momentum k of the n-th energy band. Since
the matrix elements An(k) = 〈un(k)| i∇k |un(k)〉 form a complex manifold in Hilbert space,
Eq. (1.1) displays several interesting geometric properties, which play an important role in
the quantum Hall effect, the spin Hall effect and topological insulators [10–12].
We may also expect band geometry to influence the optical response of a solid, since it
is related to the macroscopic polarization induced by applied electric fields. One interesting
possibility is that geometric effects may enhance the nonlinear optical response in certain
materials, such as Weyl semimetals [13–16].
The band structure of a Weyl semimetal has points in the Brillouin zone where the
conduction band and valence band overlap with a linear dispersion in their vicinity, as shown
in Fig. 1.2 [17]. These band-touching points, known as Weyl points, are associated with
diverging An(k). Recent studies on TaAs, an inversion-breaking Weyl semimetal, showed an
enhanced second-harmonic optical response. Subsequent work explained this enhancement
in terms of the modern theory of polarization [4, 18].
Here, we study the SHG of another inversion-breaking Weyl semimetal, WTe2, and
measure its second-order electric susceptibility [19]. WTe2 crystals are layered materials
with corrugated edges. The morphology of the crystal introduces technical difficulties in
measuring SHG because the crystal symmetry imposes constraints on SHG radiation from









Figure 1.2: Dispersion relation in a Weyl semimetal illustrating Weyl points near the fermi energy.
the ab-face of the crystal when light is at normal incidence. Consequently, we use an optical
microscope to study SHG from the corrugated edges of the crystal, and develop a model
to describe how the image brightness varies with the incident power. We use the standard
nonlinear crystal, GaAs to calibrate our measurements and determine the magnitude of the
susceptibility in WTe2 [20].
The thesis is organized as follows.
In Ch. 2, I provide an introduction to nonlinear optical processes in general, and second-
order nonlinear optical interactions in particular.
In Ch. 3, I discuss the crystal structure and symmetry of WTe2 and calculate the second-
harmonic polarization response for WTe2.
In Ch. 4, I discuss the experimental technique we used to study SHG in WTe2.
In Ch. 5, I discuss our analysis procedure for determining the second-order susceptibility
of WTe2 from the SHG images obtained with the optical microscope.





Under normal circumstances, the optical properties of a medium do not depend on the
intensity of the incident light, because the response of the material is usually linearly de-
pendent on the incident field strength. The response remains linear as long as the incident
field strength is much less than the strength of the intra-atomic field [21]. However, when
light with sufficiently high intensity interacts with a material, its properties start to de-
pend on the intensity of the light, as the response develops a nonlinear dependence on the
field strength [22]. These nonlinear interactions can produce radiation with new frequencies
that were not present in the incident radiation. The following sections describe a general
mathematical framework for understanding these processes.
2.1 Nonlinear Polarization
The optical properties of materials are generally described using the constitutive relation
between the polarization and the incident electric field strength [8]. An external electric field
can induce polarization when electrons in the material rearrange themselves in response to
the incident field. When the applied electric field is time-harmonic, the distortion of the
electron cloud around the nucleus results in an oscillating dipole moment that can drive
outgoing radiation. In general, the radiated power from oscillating charge distributions
has contributions from other terms in a multipole expansion, such as the magnetic dipole
moment and the electric quadrupole tensor, in addition to the electric dipole moment. We
focus on the electric dipole term as it is the dominant contribution here.
The atomic polarizability can be described classically using the Lorentz model, using a
harmonic potential with anharmonic correction terms to describe each electron [22,23]. At
low field strengths, the harmonic term dominates, so the restoring force on an electron is
directly proportional to its displacement, and the response is linear. However, the electronic
displacement develops nonlinear dependence on the incident electric field strength as the
incident intensity increases. Within the electric-dipole approximation, and assuming an
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instantaneous response to the applied field, the polarization P (t) may be expressed as a
power series in the applied electric field strength E(t) [23],
P (t) = ε0χ(1)E(t) + ε0χ(2)E2(t) + ε0χ(3)E3(t) + . . .
= P (1)(t) + P (2)(t) + P (3)(t) + . . . .
(2.1)
The first term, P (1), which dominates at weak electric field strengths, is known as the
linear polarization, while subsequent terms, such as P (2) and P (3), have a higher-order
dependence on the applied electric field strength and are known collectively as the nonlinear
polarization [23].
Each polarization term in Eq. (2.1) is in turn associated with a distinct electric sus-
ceptibility, denoted by χ(n), where the superscript (n) denotes its role in Eq. (2.1). Non-
linearities become significant when the external field strength is comparable to the atomic
field strength, Ea ∼ 3 × 1010 V/m, that binds the electrons and the ions in the material.
Laser sources are required to reach this field strength, which corresponds to an intensity of
1018 W/m2 [22, 24].
2.1.1 Time Domain
In Eq. (2.1) we ignored the role of loss, dispersion and crystallographic anisotropy. For
anisotropic materials with frequency dispersion and loss, the components of the linear po-
larization vector can be written in terms of the electric field vector and a time-dependent,






ij (τ)Ej(t− τ)dτ, (2.2)
where we follow the Einstein summation convention and sum over j, the repeated index.
The time-dependent response function, χ(1)ij (τ), expresses how an electric field impulse at
t− τ will contribute to the polarization at a later time, t. Causality is ensured by imposing
χ(1)(τ < 0) = 0, which is equivalent to setting the lower integration limit to zero . Extending
























ijk...n(t1; t2; . . . ; tn)Ej(t− t1)Ek(t− t2) . . . En(t− tn)dt1dt2 . . . dtn,
+ . . . , (2.3)
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where each χ(n)ijk...n is a tensor that describes a different nonlinear response function for
the material [8, 23, 24]. Each nonlinear susceptibility is a function of n times, t1, t2, . . . , tn,
where each time is associated with a different field component, i, j, k, . . . , n, respectively.
The susceptibility is zero when any one of these times is negative [22].
2.1.2 Frequency Domain
The general expression for the time-dependent polarization can be written in a much simpler
form in the frequency domain. Without loss of generality, we consider an incident field





where E(ωn) is the complex electric field amplitude at frequency ωn. We may then write
the constitutive relation introduced in Eq. (2.1) in terms of these monochromatic applied
fields. Expressing the first two polarization terms in terms of the susceptibilities, we have
P
(1)







ij (ωn)Ej(ωn) and (2.5)
P
(2)







ijk(ωm + ωn)Ej(ωm)Ek(ωn). (2.6)
The indices i, j and k refers to components in a cartesian coordinate system, and the indices
m and n denote the frequencies of the applied electric fields [22–24]. The convolution integral
in Eq. (2.3) is now expressed as a product of the electric susceptibility tensor and the
electric fields. Since each electric field component has its own harmonic time dependence,
the second-order polarization has time dependence exp[i(ω1 + ω2)t].
2.2 Second-Order Nonlinear Processes
This work focuses on second-harmonic generation (SHG), which is a second-order nonlinear
optical effect described by Eq. (2.6). Other second-order nonlinear optical effects include
the electro-optic effect, parametric amplification, and optical rectification. Depending on the
relative signs of ωm and ωn, the frequency of the induced polarization will be either ωm+ωn
or |ωm − ωn|. Sum-frequency generation (SFG) arises when the induced polarization has
the form P(ωm + ωn), and difference frequency generation (DFG) arises when the induced
polarization has the form P(|ωm − ωn|).
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2.2.1 Second Harmonic Generation
SHG is a special case of SFG that occurs when monochromatic light is incident on a material
and P(2) is driven at twice the incident frequency. As an example, consider monochromatic
light incident on a crystal with the electric field oriented along the x-axis. Writing the
fundamental field as E(t) = x̂(E0eiωt + E∗0e−iωt), the second-order polarization is
P
(2)
i (t) = ε0χ
(2)
ixx(2ω;ω, ω)[(E0)





The SHG term is in square brackets, with exp(±2iωt) time dependence, and the DFG term
is the remaining constant. The SHG term produces a dipole moment that oscillates at 2ω
that can generate radiation. The DFG term does not radiate light, but instead gives rise
to a process known as optical rectification, which produces a static polarization that is









which we may also determine from Eq. (2.6).
2.3 Crystal Symmetry
The nonlinear susceptibility is an intrinsic property of the crystal that is constrained by its
symmetry. By Neumann’s principle, which states that any physical property must satisfy the
symmetries of the crystal, all physical property tensors must be invariant under the point
symmetry operations of the crystal structure [22]. This implies that second-order processes
must vanish for all materials that possess inversion symmetry.
Consider the transformation properties of an applied electric field E that induces a po-
larization P through the nonlinear susceptibility of a centrosymmetric crystal with second-
order susceptibility χ(2)ijk. Under inversion, P, we have
PE = −E, (2.9)






Substituting Eq. (2.9) through Eq. (2.11) in Eq. (2.6), we obtain
P (2) = −P (2) ⇒ P (2) = 0. (2.12)
Consequently, the second-order susceptibility must vanish for crystals with inversion sym-
metry.
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Following a similar procedure, we can use symmetry operations to reduce the number
of independent tensor elements of χ(2)ijk [25]. The polarization produced by this symmetry-
constrained tensor will reflect the point symmetry group, in ways that I will discuss in detail
in the next chapter.
2.4 Nonlinear Wave Equation
We can derive a wave equation that describes the SHG process by combining the Maxwell












where P = PL + PNL, PL is the linear polarization response, and PNL is the nonlinear
polarization. Equation (2.13) is a driven wave equation where the polarization acts as the
source term [23, 27]. Second-harmonic interactions involve two interacting waves, one with
frequency ω and the other at 2ω. The SHG field can be calculated from the inhomogeneous
differential equation in Eq. (2.13) with the second harmonic polarization response as the





(n2ω + 1)(n2ω + nω)
T (ω)2, (2.14)
where nω and n2ω are the complex refractive indices of the medium at ω and 2ω, respectively,
and T (ω) = 2/(nω + 1) is the Fresnal coefficient of the incident field [16, 28]. The field
components and the susceptibility tensor are all expressed in the crystallographic coordinate
system. The radiated SHG field is the projection of E(2ω) in the plane perpendicular to the
optical axis. The optical power of each beam is related to the square of the field, so we can




Theory of SHG in WTe2
The SHG radiation from a crystal is constrained by its crystallographic symmetry through
the susceptibility tensor χ(2)ijk. In this chapter, I will discuss the crystal structure of WTe2
and its non-zero χ(2)ijk tensor elements. I also calculate the second-order polarization response
from different crystal facets of WTe2 using these susceptibility tensor elements.
3.1 WTe2 Crystal Structure
Tungsten ditelluride (WTe2) belongs to a class of materials known as the transition metal
dichalcogenides (TMDC). The TMDCs crystallize as layers of the form X-M-X, where the
metal atoms (M) are sandwiched between the chalcogenide atoms (X). TMDCs are typically
seen in 2 phases: the H phase, where the M atom coordinates with the X atoms to form
trigonal prisms, and the 1T phase, where the M atom coordinates with the X atoms to
form an octahedral structure. Generally, bulk WTe2 crystals at room temperatures are
found in distorted 1T phase, also known as the Td-WTe2 or 1T’-WTe2 phase, and possess
semimetallic properties [29]. Crystals of Td-WTe2 are ribbonlike, composed of 2D-layers with
Te atoms coordinated around the W atoms in a distorted octahedral geometry. Figure 3.1
shows the crystal structure of WTe2 oriented along different directions in the crystallograhic
frame [30]. Each W atom shifts from its central position in the octahedral unit due to strong
intermetallic W-W bonds which cause the Te-Te layers to buckle. The Te-W-Te layers are
stacked along the c-axis with weak van der Waals bonds, and the resulting overall layered
structure has an orthorhombic unit cell [31].
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Figure 3.1: Schematic Td-WTe2 crystal structure viewed along the three major orientations: (a)
ac-plane, [010] (b) bc-plane, [100] and (c) ab-plane, [001]. Each layer of W atom (red) is stacked
between two layers of Te atoms.
3.2 WTe2 Crystal Symmetry
The layered Td-WTe2 crystals belong to the space group Pnm21 with C2v (mm2) point
group symmetry. The space group symmetry operations include a two-fold screw rotation
along the c-axis; reflection across a mirror plane perpendicular to the a-axis; and a glide
operation along a mirror plane perpendicular to the b-axis [32, 33]. Following Neumann’s
principle, we use the point symmetry of WTe2 to determine the structure of its χ(2)ijk tensor.
The lattice spacing is small compared to the spatial variation of the incident field, so it is
not necessary to consider the full space group symmetry. The symmetry elements of the
mm2 point group are C2z, σv(xz), σv(yz), which yield nonzero tensor elements, χzxx, χxxz,
χxzx, χyyz, χyzy, χzyy, and χzzz [23].
3.3 Second-Order Polarization in WTe2
The second-order polarization that drives SHG radiation from WTe2 is dominated by the
bulk dipole contributions to χ(2)ijk. We calculate the second-order polarization, P
(2), of WTe2
using the symmetry-constrained χ(2)ijk tensor in Eq. (2.6). Neglecting optical anisotropy, each





















x + χzyyE2y + χzzzE2z
 . (3.1)
The P(2) components generated by light at normal incidence to each of the three crystal
facets of WTe2 are shown in Table 3.1. All of the nonzero elements of the nonlinear suscep-
tibility tensor of WTe2 have at least one component along z-axis. When light is incident
along the z-axis toward the ab-face, only χ(2)zxx and χ(2)zyy will contribute to the nonlinear po-
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larization, which will be exclusively along the z-axis. Since dipole radiation does not radiate
along the propagation direction, the P (2)z term will not radiate SHG in this case. However,
SHG is radiated when the light is incident on the ac-face or the bc-face of the crystal.
When light is incident on the ac-face, the nonzero polarization components will be along
the x-axis and the z-axis, which will both radiate SHG. Extending this argument, light at
normal incidence to the bc-face can also radiate SHG. These properties are illustrated in










Figure 3.2: Schematic SHG measurement geometries. The nonlinear polarization will not radiate
when the fundamental beam is at normal incidence to the ab-face of WTe2, but will radiate when
the fundamental beam is at normal incidence to the ac-face. The nonlinear polarization will also




In this chapter, I describe the measurement technique we used to study SHG in WTe2.
Measuring the SHG susceptibility in WTe2 is challenging because of its morphology, damage
threshold and small dimensions. To overcome these difficulties, we developed a method to
measure the SHG response using an optical microscope. In the following sections, I describe
our SHG measurement design and implementation.
4.1 Basic SHG Measurement
A basic SHGmeasurement typically involves a laser source to excite the sample, a detector to
measure the SHG radiation, and a bandpass filter to eliminate the fundamental radiation so
that only SHG reaches the detector. The measurement can be done in a reflection geometry
or in a transmission geometry. This work focuses on measurements in reflection geometry,
as the samples we studied are opaque in the optical regime.
Figure 4.1 illustrates a measurement in the reflection geometry at normal incidence. A
laser beam passes through a polarizer and a half-wave plate, which are used in combination
to control the incident power and polarization. The incident electric field induces a nonlinear
polarization, which radiates SHG along the same path as the reflected fundamental beam.
A bandpass filter in the detection path blocks the fundamental and transmits the SHG.
The polarizer in the incident light path and the analyzer in the detection path offer
the ability to study the SHG response as a function of polarization, which in principle can
be used to determine the individual χ(2)ijk tensor elements of the material. As I will discuss
in Sec. 4.5, such polarization-sensitive measurements were hindered by both the technical














Figure 4.1: Schematic of SHG measurement in reflection. A fundamental beam from the laser
passes through a dichroic mirror and is focused on the sample at normal incidence. The polarizer in
the incident path controls the power, while the half-waveplate controls the polarization of the beam
reaching the sample. The reflected fundamental beam and SHG radiation are directed back towards
the dichroic mirror, which passes the fundamental back towards the laser and reflects the SHG light
towards the detector. The bandpass filter in the detection path allows only SHG to pass and the
analyzer selects the polarization of the SHG.
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Figure 4.2: Images of WTe2 (a,b) and GaAs (c). The ab-face of WTe2 in (a) is relatively smooth
while the ac-face in (b) is corrugated. The GaAs shown in (c) has a large and smooth surface.
4.2 Sample Morphology
Eundeok Mun provided the WTe2 samples and Simon Watkins provided the GaAs sample
that we used in this work. Figure 4.2 shows the morphology of WTe2 and GaAs samples.
The linear optical response of the two samples are included in Figs. 4.3 and 4.4.
WTe2 crystals typically grow in the shape of needles, with their long axis along the
crystallographic a-direction. They are also layered, with smooth, natural facets parallel
to the ab-plane and rough, corrugated faces along the ac- and bc-planes. The needle-like
morphology makes it experimentally challenging to reflect light from the bc-faces, which
have a very little surface area. The ab-face, shown in Fig. 4.2(a), has higher optical quality
than the corrugated ac-face shown in Fig. 4.2(b), but as we saw in the previous chapter,
the crystal will not radiate SHG for a light at normal incidence to the ab-face.
Initially, we tried to measure the SHG response from the ab-face at oblique incidence
using a laser beam and a simple lens system. Although we could observe SHG from GaAs,
we could not detect any SHG power from WTe2 at any incident power below the damage
threshold. Consequently, we turned to measurements with the ac-face, which we expect to
produce SHG at normal incidence. However, SHG measurements with this face introduce
new challenges. The ac-face has a smaller surface area than the ab-face and much lower
optical quality. To help overcome these issues, we introduced a laser scanning microscope
(LSM). The LSM is equipped to study small samples, and its real-time imaging capability
makes it easier to optimize the SHG response from the rough ac-surface.
15
Figure 4.3: Dielectric function of GaAs [20]. Used with permission.




We use a Zeiss LSM 510 multiphoton laser-scanning confocal microscope fed by a mode-
locked Ti:Sapphire femtosecond laser. The laser has a tunable spectral range from 710 nm
to 980 nm, a repetition rate of 80 MHz, and a pulse duration of 140 fs. The optical beam
path through the microscope is illustrated in Fig. 4.5. The microscope has entrance and
exit apertures to control the resolution, but we open these to maximize the optical through-
put. The fundamental beam is directed into the microscope objective by a dichroic mirror,
which reflects the fundamental and transmits the SHG radiation. We measured SHG from
the samples at fundamental wavelengths of both 800 nm and 900 nm. Preliminary mea-
surements of SHG in WTe2 showed an optimal response at 900 nm. Therefore, we used a
fundamental wavelength of 900 nm in all our measurements unless otherwise stated. We
use a 10× objective with a numerical aperture of 0.3, which provides a beam waist of 2 µm
at 900 nm. The objective lens provides an angular distribution of 0.14◦ at the sample. For
these conditions, we can approximate the Gaussian laser beam as a plane wave at normal
incidence [35]. The beam waist for the SHG radiation is (2 µm)/
√
2 ≈ 1.4 µm, which sets
the resolution. We calibrate the incident power at the sample by measuring it directly with
a power meter at the sample position. A pair of galvanometric scanning mirrors move the
laser spot over the sample. The sample reflects the fundamental beam back toward the
dichroic mirror, which reflects the beam back toward the laser and eventually into a beam
dump. Any SHG generated by the sample initially follows the same path as the fundamental,
but then passes through the dichroic mirror toward a photomultiplier tube (PMT). Each
digitized PMT measurement is then stored as a grey value in a pixelated image as the laser
scans the sample surface [36,37]. From each of these images we then subtract a background
image, which we obtain with the laser blocked using the same acquisition parameters.
4.3.1 SHG Images
Figure 4.6 shows preliminary SHG images from two different crystal surfaces of WTe2 and
from the (111) surface of GaAs. Laser illumination can produce emission through various
processes, so to confirm that the signal is due to SHG, we use bandpass filters to establish a
narrow transmission window around the SHG wavelength. For the images shown in Fig. 4.6,
our fundamental excitation has a central wavelength of 800 nm, so to pass the SHG at 400
nm, we use a filter with a transmission window between 390 nm and 435 nm.
As I discussed in Sec. 3.3, when the fundamental beam is at normal incidence, the
symmetry properties of WTe2 prohibit SHG radiation from the ab-face but allow it from
the ac-face. As shown in Fig. 4.6, this is exactly what we observe. The few bright spots that
appear on the ab-face in Fig. 4.6(a) persist when we replace the SHG bandpass filter with
one that transmits from 435 nm to 485 nm, so we associate them with luminescence from








Figure 4.5: Schematic of the optical beam path in the LSM microscope. The fundamental beam
(red) is directed into the microscope using a dichroic mirror and is focused on the sample using a
10× objective. The dichroic mirror transmits SHG radiation (blue) towards the PMT detector while
the fundamental beam from the sample is reflected towards the laser.
along its length, as shown in Fig. 4.6(b). The streaks are related to the irregular surface
morphology shown in the white-light images in Fig. 4.2. By contrast, the smooth surface of
the (111) GaAs sample produces a more uniform response, shown in Fig. 4.6(c).
4.4 Optimizing The SHG Image Detection
There are two sources of variability in the grey-value distribution of an SHG image. One is
associated with the deterministic variation of the SHG responsivity over the sample surface,
which can result from variations in both the sample properties and the illumination condi-
tions. The other source of variability is stochastic, and results from photon quantization. If
the SHG response is completely uniform over the image area, the stochastic variability will
remain, and it will reflect the Poisson-distributed photon counting process.
From the SHG images of WTe2 and GaAs in Figs. 4.6(b) and (c), we see that the SHG
responsivity of GaAs is more uniform than that of WTe2. We can improve the uniformity
of the WTe2 images by acquiring them at a higher magnification and selecting a region of
interest (ROI) with a relatively homogeneous SHG response. Figures 4.7(a) and (b) show
SHG images of WTe2 at a higher magnification than in Fig. 4.6(b) and at two different
exposure levels. Histograms of the grey values are shown in Figs. 4.7(c) through (f). The
larger ROI includes regions with nonuniform SHG emission. Consequently, its grey-value
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Figure 4.6: Preliminary SHG measurements from WTe2 (a,b) and GaAs (c) using a fundamental
wavelength of 800 nm. Panel (a) shows the SHG image obtained from the ab-face of WTe2, (b) shows
the SHG image obtained from the ac-face of WTe2 and (c) shows the SHG image obtained from
GaAs.
distribution, shown in Fig. 4.7(d), has multiple peaks of varying heights. The smaller ROI
has a more uniform distribution with a narrow, well-defined peak, as shown in Fig. 4.7(f).
Figure 4.8 shows images and grey-level distributions for GaAs under similar conditions.
In contrast with WTe2, the grey-value distributions for GaAs show little dependence on
the ROI because its surface is smoother, and its SHG responsivity is more uniform. The
distributions for the larger and smaller ROIs in Fig. 4.8(b) are shown in Figs. 4.8(d) and
4.8(f), respectively, and they are both sharply peaked with roughly the same location and
width.
The width of these distributions is limited by the stochastic SHG photon counting
process, which persists even when the SHG responsivity is perfectly uniform. The stochastic
variability depends primarily on the SHG exposure at the detector. Figures 4.8(a) and 4.8(b)
show images of GaAs obtained at two SHG exposure levels. The distributions obtained at
low SHG exposure, shown in Figs. 4.8(c) and 4.8(e), are broad and have a large number of
pixels with a zero grey value. As we increase the exposure time, the distributions become
more sharply peaked at a nonzero grey value, as shown in Figs. 4.8(d) and 4.8(f).
We can increase the SHG exposure at the detector by increasing the image acquisition
time and averaging the grey values from multiple images. We increase the acquisition time
by increasing the dwell time, which is the time the laser spot illuminates the sample to
acquire one pixel. Figure 4.9 shows the grey-value distributions for both GaAs and WTe2
under a variety of acquisition conditions. As we increase both the number of frame averages
and the dwell time, we see that the distributions become narrower and less skewed. As the
dwell time increases, the LSM normalizes the signal level by the dwell time, to return a grey
19
Figure 4.7: SHG response from WTe2 at two exposure levels. The dwell time in (a) is set to 1.27 µs,
and its grey values are not averaged. The distribution of the larger ROI in (a) is shown in (c), and
the smaller ROI is shown in (e). In (b), the dwell time is set to 6.39 µs and its grey values are
averaged over 16 image scans. The distribution of the larger ROI in (b) is shown in (d), and the
smaller ROI is shown in (f).
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Figure 4.8: SHG response from GaAs, using the same two exposure levels as shown in Fig. 4.5 for
WTe2. Individual panel descriptions are the same as for Fig. 4.5.
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level that still reflects the average power from the sample. This yields a narrower relative
distribution, just as averaging the grey values from multiple images does.
We use these optimized imaging conditions in our subsequent measurements. We use a
magnification of 40×, restrict the ROI to maximize image uniformity, and choose a dwell
time of 6.39 µs and average over 16 frames to minimize the stochastic variability in the
images.
4.5 Effective Nonlinear Susceptibility
As I discussed in Ch.3, the components of the nonlinear polarization P(2) are related to
the components of the incident field E through the second-order susceptibility tensor χ(2)ijk.
One can, in principle, use the polarization properties of the SHG response to determine the
symmetry-allowed independent tensor elements of χ(2)ijk in a crystal. However, it is challenging
to control the polarization properties of the fields inside the microscope because we do
not have easy access to the polarization properties of the optical components inside the
microscope. Moreover, the rough ac-face of WTe2 depolarizes both the incident and radiated
fields. Given these challenges, we restrict the scope of our work to measurements that do
not control for polarization.
Regardless of the input and output polarization in the microscope, the emitted SHG
power from the crystal will depend on some linear combination of individual χ(2)ijk tensor
elements with unknown coefficients, which we can define as an effective susceptibility, χ(2)eff .
As an example, let us first assume that we have complete control over the polarization of
the incident and SHG fields. Following the results in Sec. 3.3, the nonlinear polarization for

























By measuring the radiated SHG power as a function of the incident polarization, it is
possible to estimate the individual tensor elements χ(2)ijk in Eq. (4.1). For example, suppose
that incident polarization is oriented at an angle θ with the x-axis. The incident electric
field components are then Ex = Eω cos θ and Ez = Eω sin θ, where Eω is the incident field
amplitude. For a purely harmonic field, the optical intensity averaged over a single cycle
is Iω = E2ω/(2Z0), where Z0 is the vacuum impedance, and the average optical power is
Pω = IωAω, where Aω is the effective area of the beam.1 For the quasi-harmonic pulsed
1I use the same letter P to denote both power and polarization, and use subscripts to distinguish them.
To indicate power, I include the optical frequency as a subscript, such as Pω for the fundamental and P2ω
for the second harmonic. I denote polarization components with Roman italics subscripts, such as Pi or Px,
and P to denote the polarization vector.
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Figure 4.9: Grey-level distribution of (a) GaAs and (b) WTe2 for different imaging conditions. The
legend on the upper right corner of the plot shows the number of image scans and pixel dwell time
(PDT) set during the image acquisition.
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fields used in our experiments, we can write Pω = DωAωE2ω/Z0, where Dω is the duty
factor. Similarly, we may express the time-averaged SHG power as P2ω = D2ωA2ωE22ω/Z0,
noting that in general D2ω and A2ω are different from Dω and Aω. If we use an analyzer
to measure the SHG power polarized along the x-axis, we can use Eq. (2.14) to define an
SHG efficiency parameter, η,












P 2ω , (4.2)
where the effective nonlinear susceptibility is
χ
(2)
eff = ε0 |χxxz + χxzx| cos θ sin θ. (4.3)
The polarization of the fields are unknown inside the microscope, so we can not specify
θ in Eq. (4.3) for the incident field, nor can we select the x-component of the SHG field for
detection. However, we can still use Eq. (4.2) to determine χ(2)eff from measurements of the
SHG power as a function of the incident power. The total SHG power radiated from the
sample will in general have contributions from all four tensor elements in Eq. (4.1), with
unknown coefficients that are determined by the polarization geometry. The χ(2)eff that we
measure will still provide an order of magnitude estimate of the largest χ(2)ijk of the sample.




Estimation of χ(2)eff in WTe2
In this chapter, I describe the procedure we developed to determine χ(2)eff from the SHG
images of GaAs and WTe2. We use the standard nonlinear crystal GaAs to calibrate the
measurement system using the known value of its χ(2)ijk. This enables us to calculate the
SHG efficiency of WTe2.
5.1 Grey-Value Distribution
As we discussed Sec. 4.4, there are two sources of variability of the SHG images. One is due
to the variation in the SHG responsivity over the sample surface, and the other is due to
the stochastic variability that comes from the discreteness of the photon detection process.
Below, we derive a model to describe how the measurement distributions vary with incident
power.
5.1.1 Distribution Statistics
We first calibrate our model using GaAs and then extend it to WTe2. Since the GaAs sample
has an optically smooth surface, the variability in the SHG response is negligible compared
to the variability due to the stochastic detection process.
Figure 5.1 shows the grey-value distributions for GaAs at several incident power levels.
We see that both the peak and the width of the distribution increase with increasing power.
To describe this behaviour quantitatively, we consider a probability function f(v) to describe
the distribution, where v is the grey value of each pixel in the image. We further assume
that v depends linearly on the number of SHG photons n received at the detector,
v ≈ αn+ β, (5.1)
where α and β are fixed but unknown parameters. We can assume that n is a Poisson-
distributed random variable with the probability function g(n;λ), where λ is the average
value of n for a given acquisition time interval ta. We express Eq. (5.1) as an approximate
25




























Figure 5.1: Grey-value distributions of GaAs for incident power levels ranging from 0.4 mW to 2.9
mW.
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relationship because v and n are both integers. We can write λ in terms of the average SHG
power,
λ = P2ωta2~ω = κP2ω = κηP
2
ω , (5.2)
where κ = ta/(2~ω) and we have used the relation P2ω = ηP 2ω from Eq. (4.2). Note that
in general P2ω varies over the surface due to surface inhomogeneities. To capture this vari-
ability, we can describe η by a distribution h(η;µη, ση), with mean value µη and standard


















= ακµηP 2ω + β
= αE(n) + β. (5.3)
Equation (5.3) shows that E(v) and E(n) satisfy the same linear relationship that v and n
do at each pixel in the image.
Similarly, the variance is















dη h(η){α2λ+ (αλ+ β)2} − (ακµηP 2ω + β)2
= α2κ2σ2ηP 4ω + α2κµηP 2ω . (5.4)
The first term in Eq. (5.4) represents the contribution to Var(v) from the variability in η,
and the second term is associated with the shot noise.
5.1.2 Quadratic Scaling of Grey Values
In deriving Eq. (5.3) and Eq. (5.4), we have assumed that the SHG power depends quadrat-
ically on the incident power level. To check the validity of this assumption, we show the
measured distributions of the scaled variable v/P 2ω in Fig. 5.2. Following the same procedure






































Figure 5.2: Distributions of the scaled variable v/P 2ω in GaAs.
When β 6= 0, the first term diverges as the power approaches zero, but as the power increases
the expected value approaches a constant. Consequently, at high incident power we expect
the scaled means to converge to a single value, ακµη, while at low powers, in general, we
expect the scaled mean to deviate from this. This is what we observe in Fig 5.2.










The second term is negligible for GaAs, due to its uniform SHG responsivity. Denoting the












In Fig 5.2, we see that the width of the distribution decreases as the incident power increases,
as expected from Eq. (5.7).
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5.1.3 Grey-Value Parameters Estimation
Equations (5.3) and (5.4) enable us to calibrate the grey value scale with respect to the
number of detected photons. Figure 5.3 shows the sample variance s2 as a function of the
sample mean v̄ for the distributions shown in Fig. 5.1, which we fit with a second-order
polynomial function,
s2 = c0 + c1v̄ + c2v̄2. (5.8)


















This fit yields c2 = (−3±3)×10−4 for the quadratic coefficient, which is consistent with
zero and indicates that the responsivity is uniform. We therefore neglect ση, which allows
us to reduce Eq. (5.9) to a simpler, linear relationship,
Var(v) = αE(v)− αβ. (5.10)
From the fitted values of c0 and c1, we obtain α = 0.49± 0.01 and β = −0.92± 0.15. Using
Eq. (5.3) to substitute for E(v), we obtain E(n) = κµηP 2ω = [E(v)− β]/α.
5.2 Estimate of χ(2)eff for GaAs
Now we are ready to estimate χ(2)eff for GaAs and compare it to the literature. GaAs belongs
to the point symmetry group 4̄3m, so the six nonzero elements of its χ(2)ijk tensor are all
identical: χ(2)xyz = χ(2)xzy = χ(2)yxz = χ(2)yzx = χ(2)zyx = χ(2)zxy. Preliminary polarization studies of
SHG from the GaAs sample using bulk optics confirmed the (111) orientation of the sample.
For linearly polarized light at normal incidence to the (111) surface, the reflected SHG power
is independent of the polarization direction, with χ(2)eff = 2
∣∣∣χ(2)xyz∣∣∣. Earlier measurements at
our fundamental wavelength of 900 nm report χ(2)eff = 2
∣∣∣χ(2)xyz∣∣∣ = 1200 pm/V [20]. As I discuss
below, our measurement is nearly two orders of magnitude smaller than this, indicating a
significant systematic error that I was unable to identify or resolve. Nonetheless, assuming
that this error is independent of the sample properties, we can still use GaAs as a reference
for our measurements of WTe2, as I discuss in Sec. 5.3.
First, we estimate the SHG efficiency parameter, η, which relates the incident power to
the SHG power. Using the results of Sec. 5.1.3 to transform grey values to photon numbers,
Fig. 5.4 shows the average number of detected photons n̄ as a function of the incident power
Pω, which we fit with a second-order polynomial function,
n̄ = a0 + a1Pω + a2P 2ω . (5.11)
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Figure 5.3: Grey-value calibration in GaAs. The markers show the variance of the grey-value
distribution plotted against the mean of the distribution and the solid line represents the fits to
the second-order polynomial function in Eq. (5.8) with c0 = 0.45 ± 0.06, c1 = 0.49 ± 0.01, and
c2 = (−3± 3)× 10−4. The fit is restricted to incident powers from 1 mW to 2.9 mW.
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Figure 5.4: Average number of SHG photons per pixel as a function of incident power in GaAs.
The red line in (a) shows the fits with Eq. (5.11) for incident powers from 0.4 mW to 2.9 mW; the
residuals are shown in (b). The blue curve shows fits with Eq. (5.11) for incident powers restricted
to 1 mW to 2.9 mW; the residuals are shown in (c). The fit parameters obtained from the restricted
fit are a0 = −3.6 ± 0.2, a1 = (2.2 ± 0.3) mW−1, and a2 = (6.15 ± 0.07) mW−2. The correlation
between a2 and a0 is ρ0,2 = 0.9 and correlation between a2 and a1 is ρ1,2 = −0.9.
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where N is the total number of pixels used to obtain the distributions in Fig. 5.1.
Figure 5.4 shows fits with Eq. (5.11) over two different ranges of incident power. Ideally,
we expect a0 = a1 = 0, but we found that it is necessary to allow these parameters to
be nonzero to achieve a good fit. For example, both fits in Fig. 5.4(a) extrapolate to a
nonzero intercept, indicating an offset error that yields a0 6= 0. Figures 5.4(b) and (c) show
the residuals for the two different fit ranges. The residuals in Fig. 5.4(b) include all of the
measurements, and show structure that indicates a significant lack of fit with Eq. (5.11).
This structure becomes less pronounced when we restrict the fit to measurements with
Pω ≥ 1 mW, as shown in Fig. 5.4(c).
To understand the structure in Fig. 5.4(b) it is helpful to examine the grey-value distri-
butions shown in Fig. 5.1, which we used to obtain the measurements in Fig. 5.4(a). Note
that the distributions at the lowest powers are strongly skewed toward zero, which can
introduce systematic errors in the average grey value. This effect is more prevalent at low
SHG power, for which the distributions are more susceptible to distortions from the back-
ground subtraction, fluctuations in dark counts, or improper thresholding of the detector.
Therefore, we use the fit with Pω ≥ 1 mW to estimate χ(2)eff .
Although restricting the power range improves the residuals, the resulting fit yields
χ2 = 45 for ν = 13 degrees of freedom, which suggests that Eq. (5.12) underestimates the
noise. We account for this by multiplying the parameter uncertainties obtained from the fit
by
√
χ2/ν ≈ 1.9. With this correction, we obtain a0 = −3.6±0.2, a1 = (2.2±0.3) mW−1, and
a2 = (6.15± 0.07) mW−2. The fit parameter that determines η is the quadratic coefficient
a2, but a0 and a1 are correlated with it. To estimate the systematic uncertainty associated
with allowing a0 6= 0 and a1 6= 0, we fit the data in Fig. 5.4(a) with a quadratic power law,
n̄ = a′2P 2ω , which yields a′2 = 6.4 mW−2. Assigning |a′2 − a2| as the systematic uncertainty
in a2, we obtain a2 = (6.1± 0.3) mW−2. Using Eq. (5.2), we have η = (26.2± 1.3) GW−1.















For a focused Gaussian beam we have A2ω = Aω/2, since the SHG polarization is propor-
tional to the square of the incident field. Similarly, D2ω = Dω/
√
2, since the SHG pulse
width is reduced by
√
2 from the incident pulse width. Assuming Dω = fτ , where f is the
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∣∣∣(n2ω + 1)(n2ω + nω)(nω + 1)2∣∣∣√fτAω√ η
Z0
. (5.14)
Substituting our measurement, η = (26.2 ± 1.3) GW−1, the instrumental parameters,
f = 80 MHz, τ = 140 fs, and Aω = 3 µm2, and refractive index measurements from
the literature [38–40], nω = 3.5 and n2ω = 4.9 + 0.8i, we obtain χ(2)eff = (20.0± 0.5) pm/V.
The discrepancy between this value and the literature value, χ(2)eff = 1200 pm/V, is so
large that it is unlikely to be caused solely by our lack of polarization control or by systematic
errors in our estimate of η. Of the various quantities in Eq. (5.14) that determine χ(2)eff , the
most likely sources of large systematic error are the beam parameters τ and Aω, for which
we do not have direct measurements. For example, we have assumed that the pulse width τ
at the sample is unchanged after traversing the microscope optics, which could be strongly
dispersive. Also, we have assumed that the beam diameter is limited by diffraction, so any
alignment imperfections will tend to increase the beam area Aω. There are also several
factors involving nω and n2ω, so any inaccuracies in these values could accumulate.
Despite the lack of absolute accuracy of the final result for GaAs, we have shown that
our model does capture several features of our measurements. Our results provide clear
evidence for an SHG response that depends quadratically on the incident power, and we
have successfully described the statistical properties of the image grey values. The most
likely sources of error are associated with the measurement system, not the sample, so
we can expect relative measurements to be reliable. In the next section, we estimate the
nonlinear susceptibility of WTe2 by comparing its response to that of GaAs.
5.3 Estimate of χ(2)eff for WTe2
We measure and analyze the SHG response from WTe2 following the same procedures that
we described in Secs. 5.1 and 5.2 for GaAs. We examine how the grey-value distributions
vary with incident power, and use this to calibrate the grey value scale with respect to
the SHG power. We determine the SHG efficiency parameter η from a polynomial fit to
measurements of the average SHG power as a function of incident power. By comparing
this result to GaAs, we obtain a relative estimate of χ(2)eff that we can expect to be more
reliable than the absolute estimate.
Figure 5.5 shows grey-value distributions obtained from the ac-face of WTe2, and Fig. 5.6
shows the distributions of the scaled variable v/P 2ω . Recall from Eq. (5.5) that the mean
of the distribution is independent of power when the detection system has a zero offset, β.
When β is nonzero, we expect the mean to diverge at low powers with a 1/P 2ω dependence.
The results for WTe2 in Fig. 5.6 are similar to those shown in Fig. 5.2 for GaAs, with strongly
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Figure 5.5: Grey-value distributions of WTe2 for incident power levels ranging from 0.4 mW to 2.9
mW.
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Figure 5.6: Distributions of the scaled variable v/P 2ω in WTe2.
skewed distributions at low powers. Unlike GaAs, however, we see that peak location varies
with power even at the highest powers.
In GaAs, the SHG responsivity is uniform, so the distribution width is dominated by
detection noise. In WTe2, however, the variability in the SHG responsivity also contributes
to the width. Figure 5.7 shows the variance of the distributions as a function of its mean
value. We fit the measurements to the second-order polynomial function in Eq. (5.8) and
use Eq. (5.9) to determine the parameters α and β in Eq. (5.1). Unlike the fit for GaAs,
which yielded a quadratic coefficient consistent with zero, we obtain c2 = (ση/µη)2 =
0.0010± 0.0002, indicating that η exhibits significant variability over the WTe2 image area.
For the remaining parameters, however, we obtain values that are comparable with those
of GaAs, with α = 0.51 ± 0.01 for the grey-value scale factor and β = −0.2 ± 0.5 for the
offset. The image acquisition conditions are the same for GaAs and WTe2, so these results
demonstrate that our model accurately describes the detection system.
Figure 5.8 shows the average photon number n̄ over the ROI as a function of the incident
power, together with fits to Eq. (5.11) over two different ranges of incident power. As
we saw with GaAs, the fit residuals in Fig. 5.8(b) show structure when we include all
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Figure 5.7: Grey-value calibration in WTe2. The markers show the variance of the grey-value
distribution plotted against the mean of the distribution and the solid line represents the fits to the
second-order polynomial function in Eq. (5.8) restricted in the incident power ranging from 1 mW
to 2.9 mW. The fit parameter are, c0 = 0.12± 0.03, c1 = 0.51± 0.01, c2 = 0.0010± 0.0002.
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measurements, so we restrict the fit to Pω ≥ 1 mW, which yields the more random residuals
shown in Fig. 5.8(c). As with the GaAs measurements, even this restricted range yields an
improbable value of χ2 = 125 for ν = 13 degrees of freedom, which we account for this by
scaling the fit parameter uncertainties by
√
χ2/ν ≈ 3.1. This is 50 % larger than what we
used for GaAs, and is too large to consider a statistical fluctuation. Nonetheless, we have
been unable to determine the origin of the large χ2 statistic in either set of measurements, so
we proceed with this empirical approach to make progress. After this correction, we obtain
a0 = −8.2 ± 0.6, a1 = (12 ± 1) mW−1, and a2 = (15.0 ± 0.2) mW−2. As with GaAs, we
estimate the systematic uncertainty by force-fitting the measurements to a quadratic power
law, n̄ = a′2P 2ω , which yields a′2 = 19 mW−2. Replacing the statistical uncertainty of the fit
with the systematic uncertainty estimate, |a2− a′2| = 4 mW−2, we obtain a final parameter
estimate of a2 = (15± 4) mW−2.
This yields η = (66± 15) GW−1 for the SHG efficiency, which is about 2.5 times larger
than the value we found for GaAs. Substituting this value for η into Eq. (5.14) with the
literature values for the refractive indices [41], nω = 4.3 + 4.0i and n2ω = 2.8 + 4.6i, we
obtain χ(2)eff ≈ (95±10) pm/V. This is nearly five times the value we obtained for GaAs, but
about 10 times smaller than the value reported in the literature for GaAs [20]. Given the
large systematic uncertainty of our measurement, the most confident conclusion that we can
draw from these measurements is that the nonlinear susceptibility in WTe2 is comparable
to that of GaAs, and may be significantly larger.
Next, we consider some of the possible contributions to χ(2)eff other than the bulk contri-
bution. In general, the inversion symmetry is broken at the surface and can contribute to
the χ(2)eff that we measure from the sample. However, we expect the surface contribution to
be negligible compared to the bulk contribution. The fraction of SHG intensity radiated due
to the surface is only (4πδ/λ)2 ≈ 0.06 times that of the bulk contribution, where δ is the
skin depth at the fundamental wavelength [23]. Additionally, the field enhancement due to
the rough corrugated edges of WTe2 can also contribute to the large magnitude of SHG that
we observe. However, we have chosen a flat region of the sample in our analysis where we
do not observe any abrupt changes in the SHG illumination due to any field enhancement
effects. This is also confirmed in the results from Fig. 5.7, where we obtain a factor of only
10−3 for the variation of SHG efficiency over the ROI we chose in our analysis. Therefore,
it is safe to assume that the surface roughness is not contributing to the large magnitude of
SHG that we measure here. I discuss ways that we might build on these results in the next
chapter.
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Figure 5.8: Average number of SHG photons per pixel as a function of incident power in WTe2.
The red line in (a) shows the fits with Eq. (5.11) for incident powers from 0.4 mW to 2.9 mW; the
residuals are shown in (b). The blue curve shows fits with Eq. (5.11) for incident powers restricted
to 1 mW to 2.9 mW; the residuals are shown in (c). The fit parameters obtained from the restricted
fit are a0 = −8.2 ± 0.6, a1 = (12± 1) mW−1, and a2 = (15± 0.2) mW−2. The correlation between




In this thesis, we have developed a procedure to estimate the SHG susceptibility, χ(2)eff , of
WTe2 crystals, and provide a preliminary estimate of its magnitude. Our measurements
indicate that the nonlinear susceptibility of WTe2 is comparable to that of the standard
nonlinear crystal GaAs.
The point group symmetry of WTe2 places restrictions on the measurement geometry
that we needed to accommodate. At normal incidence, SHG is not generated from the
optically smooth ab-face, but it is when light is incident normally on the corrugated ac-
face. Therefore, we used a laser scanning microscope to study SHG from the ac-face of
the crystal. After developing a procedure to optimize the image acquisition conditions of
the LSM setup, we determined the SHG susceptibility of WTe2 from a sequence of SHG
images acquired as a function of the incident power. To obtain the magnitude of the SHG
susceptibility from the images, we modelled the grey-value distribution by accounting for
both the stochastic and the deterministic variability over the image area. The procedure
we developed here can be also applied to study the nonlinear optical susceptibility in other
materials that are difficult to measure with conventional optics.
There are several ways in which we can improve the susceptibility measurement. As
I noted in Sec. 5.2, direct measurements of the spot size and pulse width at the sample
could significantly improve our systematic uncertainty. We could also improve the optics in
the LSM to provide polarization control of both the incident beam and the reflected SHG
beam. To improve the analysis procedure, we could account more explicitly for statistical
fluctuations in the background, which we ignored in our treatment. We can also calibrate
the detection system directly by illuminating a sample with a known reflectance at the SHG
wavelength.
Our observations may also provide guidance for other measurements of the nonlinear
susceptibility. As I mentioned in Sec. 4.2, we initially tried to measure the SHG reflected from
the ab-face at oblique incidence, since that surface has the highest optical quality. However,
we found that we could not observe SHG from this surface at any incident power below the
damage threshold. Now that we know the rough magnitude of the nonlinear susceptibility, we
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can improve the measurement design to avoid the damage that we encountered in this early
measurement geometry. For example, we could introduce a pulse-picker into the incident
beam, to reduce the average power while maintaining the peak power.
Our observation of a large χ(2) in WTe2 is consistent with the earlier predictions of large
second-order nonlinear response in Weyl semimetals [16, 18]. By comparing the nonlinear
optical susceptibility of WTe2 with that of TaAs, we may be able to understand more
generally how it may be enhanced in Weyl semimetals and other materials. One theory of
the enhancement in TaAs describes the electronic structure along its polar axis in terms
of a one-dimensional atomic chain, which can develop a large SHG dipole moment along
that axis [4]. However, it is not immediately obvious how to apply this model to WTe2,
which has a layered crystal structure. To establish a unified theory of the nonlinear optical
response in Weyl semimetals, further work will be required.
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